Single-phase multiferroic Bi 1−x Nd x FeO 3 ͑x = 0 -0.15͒ ceramics are polarized and their piezoelectric and pyroelectric effects are reported. The success in polarizing the ceramics originates from low electrical conductivities controlled predominantly by the Poole-Frenkel conduction mechanism. Limited internal traps due to reduced oxygen vacancies in the ceramics result in sufficiently low leakage current densities of Ͻ30 mA/ m 2 even at a high electric field of 145 kV/ cm. The piezoelectric d 33 coefficients of the ceramics before and after annealing at 550°C for 4 h are measured to be ϳ28 and ϳ24 pC/ N, respectively. These values are higher than those of most major lead-free high-temperature piezoelectric ceramics. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2169905͔
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Single-phase BiFeO 3 ceramic, which has ferroelectric order below a high Curie temperature ͑T C ϳ 830°C͒ and antiferromagnetic order below a high Néel temperature ͑T N ϳ 370°C͒, is one of the most widely studied multiferroic materials.
1-3 However, BiFeO 3 becomes unsuitable for applications owing to its high leakage current ͑i.e., subject to dielectric breakdown at fields Ͻ100 kV/ cm͒ besides exhibiting a spatial nonuniformity of magnetic structure and a quadratic ferromagnetoelectric behavior.
1, 3, 4 By using smaller Nd 3+ ions ͑radius= 0.983 Å͒ in substitution for larger Bi 3+ ions ͑radius= 1.03 Å͒ in the BiFeO 3 composition, it is possible to create single-phase multiferroic Bi 1−x Nd x FeO 3 ͑x = 0 -0.15͒ ceramics possessing an improved spatial uniformity of magnetic structure, and a rather linear ferromagnetoelectric behavior. 5, 6 Nevertheless, it still remains a significant challenge to prepare such single-phase ceramics with sufficiently low leakage current densities ͑i.e., J Ͻ 30 mA/ m 2 at 145 kV/ cm͒. Accordingly, effectively polarized samples demonstrating favorable piezoelectric and pyroelectric effects are not yet found.
The challenge can further be described by the reaction mechanisms shown in Eqs. ͑1͒-͑7͒. Equations ͑1͒-͑5͒ 
Therefore, it is our aim in the present work to study the preparation and polarization of low-conductive single-phase multiferroic Bi 1−x Nd x FeO 3 ͑x = 0 -0.15͒ ceramics as well as measurements of their piezoelectric and pyroelectric properties. The possible conduction mechanism that governs low leakage currents in the ceramics ͑i.e., the precondition of polarizing the ceramics͒ is also investigated. Bi 1−x Nd x FeO 3 ceramics with x varying from 0 to 0.15 in steps of 0.05 were prepared by an improved rapid liquidphase sintering method. 3, 7 Stoichiometric amounts of Bi 2 O 3 ͑99.9%͒, Fe 2 O 3 ͑99.0%͒, and Nd 2 O 3 ͑99.9%͒ were weighed, and each type of powder was milled into an average size of 1 m. After drying, the powders were mixed thoroughly with water and pressed uniaxially into disk samples of 5 mm diameter and 1.5 mm thickness. The disk samples were dehydrated at 200°C for 10 h in a vacuum chamber before being sintered at a relatively high temperature of 855°C for a short time of 20 min with a high heating rate of 100°C/s.
The crystalline structure of the sintered samples was examined using an x-ray diffractometer at a scan rate of 0.02°per 4 s ͑Brucker D8 Advance System͒.
The samples were then thinned down to 0.35 mm thickness, and silver paste was applied on their two major surfaces as electrodes for subsequent poling and measurements. The electric field dependence of leakage current density ͑J-E͒ of the samples was measured using a multimeter ͑Keithley 2000͒ and a high-voltage amplifier ͑Trek P0621P͒. Based on the measured J-E curves, an optimal electric field of 145 kV/ cm was applied to polarize the samples at room temperature in a silicon oil bath for 1 h. The piezoelectric coefficient ͑d 33 ͒ of the polarized samples was measured at 60 Hz using a piezo-d 33 meter ͑IAAS ZJ-30͒. The dielectric constant ͑ 33 T / 0 ͒ was obtained at 1 kHz using an impedance analyzer ͑HP 4294A͒. The planar ͑k p ͒ and thickness ͑k t ͒ electromechanical coupling coefficients and their associated mechanical quality factors ͑Q m,kp and Q m,kt ͒ were determined using the impedance analyzer according to the resonance method. 9 The pyroelectric coefficient ͑p͒ and pyroelectric figure of merit ͑R V ͒ were measured at 0.01 Hz with an in-house pyroelectric coefficient measurement system. Figure 1 shows the x-ray diffraction ͑XRD͒ patterns of Bi 1−x Nd x FeO 3 samples with x = 0, 0.05, 0.1, and 0.15. Besides the peaks associated with single-phase ABO 3 -type perovskite structure, no other peaks are detected within the uncertainty of XRD. It has been reported that single-phase BiFeO 3 sample has a rhombohedral structure with R3C space group at room temperature. 3, 4 From the inset of Fig. 1 , the ͑001͒ c peak according to pseudocubic lattice type undergoes a shift in 2 and a split into two peaks when x is changed from 0 to 0.15. This reveals a continual change of lattice constant of monoclinic structure with P1 space group as a result of replacing the larger Bi 3+ ions ͑radius = 1.03 Å͒ by the smaller Nd 3+ ions ͑radius= 0.983 Å͒.
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Therefore, our samples essentially have a single-phase rhombohedral ͑x =0͒ or monoclinic ͑x = 0.05-0.15͒ perovskite structure with all constituent components forming a solid solution rather than a mixture of Bi 2 O 3 , Fe 2 O 3 , Nd 2 O 3 , and other impurity phases as stated in Eqs. ͑1͒-͑5͒. Figure 2 illustrates the measured electric field dependence of leakage current density ͑J-E͒ for samples with x = 0 and x = 0.15. It is clear that J increases essentially linearly with E at the low end of E ͑Ͻ17 kV/ cm͒, elucidating an ohmic conduction mechanism in this region. Thereafter, J exhibits an increasing trend faster than linear with E, implying the existence of a different conduction mechanism other than the ohmic in the high-E region. Since the presence of Fe 2+ ions, V Bi 2+ vacancies, and V O 2+ vacancies is believed to be the main cause of high leakage current in BiFeO 3 ceramic, 3, 6, 8, 11 and as polarity reversal of E does not produce Schottky effect ͑e.g., asymmetric J-E curves͒, 12 the most probable conduction mechanism for the high-E region should be due to the thermal excitation of inner charged defects, such as the Poole-Frenkel conduction mechanism with an electric-field-enhanced thermal excitation of charge carriers from internal traps. To obtain physical insights into the conduction above the ohmic region, three most important conduction mechanisms, namely, the space-charge-limited current ͑SCLC͒, Schottky, and Poole-Frenkel conduction mechanisms, are considered. Recalling that the J-E characteristics of the SCLC, Schottky, and Poole-Frenkel conduction mechanisms are characterized by the linear relationships of J-E 2 , ln J-E 1/2 , and ln͑J / E͒-E 1/2 , respectively. 12-14 These three relationships are thus plotted as the three insets of Fig.  2 along with the measured J-E data shown in Fig. 2 . It is found that the ln͑J / E͒-E 1/2 plot controlled by the PooleFrenkel conduction mechanism provides the most satisfactory description to the samples, suggesting that the electrical conduction above the ohmic region is mainly attributed to the Poole-Frenkel conduction mechanism with current density J PF expressed as follows:
where q is the electron charge, k is the Boltzmann constant, T is the temperature, PF is the barrier height, and ␤ PF is the temperature-dependent slope of the ln͑J / E͒-E 1/2 plot. It is important to note that while J has been elevated in the PooleFrenkel conduction region, it remains low enough ͑Ͻ30 mA/ m 2 ͒ that the samples are subject to a high poling field of 145 kV/ cm. The observed low J in the PooleFrenkel conduction region gives important evidence of minimizing the contributions of Fe 2+ , V Bi 2+ , and V O 2+ to our samples. 3, 6, 8, 11 This is partially attributed to the use of a high heating rate ͑100°C/s͒ and a high sintering temperature ͑855°C͒ in the sintering process so that the relatively low melting Bi 2 O 3 ͑817°C͒ is immediately transformed into liquid phase and reacted with other constituent powders ͑Fe 2 O 3 and Nd 2 O 3 ͒. In other words, these specific sintering conditions lead to suppressing the reactions of Eqs. ͑1͒-͑5͒ and maintaining the theoretical stoichiometric amounts. Moreover, the use of a short sintering time ͑20 min͒ is a key factor to mitigate the charged defects related to the formation of Fe 2+ , V O 2+ , and V Bi 3− in the samples ͓Eqs. ͑6͒ and ͑7͔͒. Comparing to V Bi 3− , V O 2+ has a smaller radius and a larger density so that V O 2+ vacancies are comparatively easy to migrate. 8, 15 Although the exchange action of Fe 2+ -O 2− -Fe 3+ also leads to leakage currents, it can be neglected due to limited amount of Fe 2+ in our low conductive samples. 8 Therefore, V O 2+ vacancies act mainly as the internal traps in the samples, causing the Poole-Frenkel conduction in the high-E region. 
